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Power Generation gas turbines used for heavy duty application mainly constitutes three 
modules; compressor, combustion and turbine. Typically, all these parts are designed by OEM 
companies for specific number of hours and cycles (also known as starts) before they become 
dysfunctional. In addition, Gas Turbine (GT) also have intended repair interval depending upon 
the type of part application and anticipated damages during service operation. Thus, GT parts 
need inspections and repair (overhaul) after certain operating hours in order to recondition them 
so that they can be fit for reoperation to produce power.  In this dissertation, a unique six sigma 
DFSS approach for development of GT parts overhaul is presented for total quality 
improvement. In this dissertation report, a unique six sigma DFSS approach is presented 
applicable to the development of repair processes for GT parts that can be used during 
overhauling of the parts. All six sigma phases of the proposed DFSS approach along with repair 
product development cycle are discussed.  Various six sigma tools which yield significant 
benefits for the process users are also discussed. Importantly, a statistical probabilistic life 
analysis approach is proposed in order to verify the structural integrity of a repaired GT part. 
Finally a case study of GT axial compressor diaphragms (stators) to illustrate various phases and 
six sigma tools usage during each phase of the DFSS approach is discussed. The overall 
significant benefit of the proposed DFSS approach was to achieve total quality improvement to 
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CHAPTER 1 INTRODUCTION 
 
Design for Six Sigma (DFSS) is a well-known six sigma approach, which is widely used 
for design of new products and services by various industry sectors. Every organization defines 
DFSS phases in order to develop a product or service. It is also known that the DFSS approach is 
adopted by the organizations to achieve total quality improvement for a new product or service 
for each customer requirement. This requires the organization management to understand the 
customer needs (sometimes called as business needs) and implement them in the product design 
and or service offered by the organization. There are various DFSS approaches that have been 
used by the organizations. Table 1 shows a few examples of the DFSS approaches and their 
applications to various industries. 
Table 1 Various DFSS Applications 
DFSS Approach Definition Applications 
DMADV Define, Measure, Analyze, Design, 
Validate 
Aerospace, Automobile, medical 
and heavy equipment industries 
IDOV Identify, Design, Optimize, Validate Aerospace, Automotive and 
Energy sector industries 
PDPD Plan, Design, Produce,  Deliver Tools and Fixtures  Manufacturing 
industries 
IRDDP Identify, Research, Design, Develop, 
Production 
Pharmaceutical and Research 
organizations 
DCOV Define, Characterize, Optimize, 
Verify 
Shipping and Marine industries 
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Thus there are different variants of DFSS approaches followed by various industries, the 
steps within each of those approaches uniquely designed by the respective industry depending 
upon the customer requirements and end goals of a product or service. 
1.1 Problem Statement 
 
GT used for power generation are subjected to various operating and environmental 
conditions during their service. These service conditions could cause GT parts to experience 
various failure modes. The GT parts should be restored back to their original geometries during 
the repair processes so that they could perform intended function during their next service 
interval. Therefore, presently there is a need for a quality methodology or approach that would 
integrate geographical customer requirements, development of repair and manufacturing 
qualification steps altogether to deliver quality repair products. 
Thus, as discussed above, presently the power generation service industry lacks a quality 
methodology required for repair development of GT service operated parts. The streamlining of 
existing processes used during the repair development cycles would help to form a quality 
method using six sigma DFSS approach.  In this dissertation, a new Six Sigma DFSS approach is 
proposed to address the overhauling of GT parts used for power generation. A unique approach 
called “IPDcI”; (Identify, Prioritize, Design (comprehensive design) and Implement) is proposed 
in order to address repair development needs. Also, in this dissertation, discussed GT parts used 
for power generation parts and their repair needs. In the methodology section a new DFSS 




1.2 Difference Between Traditional DFSS And Proposed DFSS Approach 
 
Table 2 outlines the difference between the most traditionally used DFSS approach 
(DMADV) verses proposed DFSS approach called as IPDcI. 
The proposed DFSS approach do not require pilot design and validation phase which saves 
significant amounts of time and cost for the end customers- the power plant sites. 
Table 2 Traditional DFSS Vs Proposed DFSS 
 Difference between traditionally used DFSS approach and newly developed 
IPDcI approach 
 Traditional New Difference 
 DMADV IPDcI 
 Define Identify Traditional- Initiate, scope and plan the project. 
 
New-In this step, geographical region needs are 
obtained and studied to define and initiate the 
task as opposed to traditional method. 
Data on Failure modes of the power generation 
GT parts collected up front and categorized the 
modes based on their type and root cause. 
 Measure Prioritize Traditional- Understand customer requirements 
and generate specifications. 
 
New- Repair requirements, emergent needs are 
determined to create repair development plan 
and a preliminary business case is also created 
along with potential technical and business 
risks. 
 Analyze Not Applicable Traditional-Develop design concepts based on 
measure data findings. Analyze the data to 
make generate concepts.  
 
New- Does not exist 
 Design Comprehensive 
design 
Traditional-Develop detailed design and 
validation plan. Detailed product testing along 
with a pilot design released. Very time 





 Difference between traditionally used DFSS approach and newly developed 
IPDcI approach 
 Traditional New Difference 
 DMADV IPDcI 
 
New- Repair concepts for GT parts are 
brainstormed and developed. 
A business case is updated to decide "no" or 
"no go" for the program; this step is not 
considered in the traditional DFSS approach. 
If the business case is acceptable then detailed 
design for a selected repair concept is executed 
A minimum amount of testing such as dynamic 
lab testing and material property testing usually 
takes place. 
A statistical probabilistic lifing approach using 
past engine test results along with new material 
test and lab tests data for final repair geometry 
is used to predict failure rate for the fleet. This 
evaluation acts as validation for the repaired 
part. 
There is no validation phase or pilot design 
requirement, after the design phase; repair 
process can be directly implemented for 
production. 
 Validate Implement Traditional- Usually for validation of parts 
requires product and or service process testing 
and it takes several months or sometimes years 
to complete validation of the product or service 
process. 
 
New- Few initial sets are repaired. Process 
capability and statistical process control 
activities are performed in this step. 
Repair shop qualifications are performed and 
conditional or un conditional release of the 
manufacturing process takes place. 
Based on initial three sets of repair, a feedback 
regarding repair cost models and failure modes 
given back to the program office to improve 





1.3 Expected Benefits Of Proposed DFSS Approach 
 
 A comprehensive approach which does not require a unit or engine test. 
 Shorter repair development cycles from identification to implementation. 
 Increased repair warranty benefits. 
 Reduction in premature failure (early life) of the repair parts and reduced scrap rates. 
 Less impact on gas turbine performance and efficiency. 
 Life extension of repair parts can be achieved. 
 Increased end customer satisfaction (power plant sites). 
 Usually no pilot design, the repair design could be directly implemented. 
1.4 Contribution To The Proposed DFSS Approach 
 
 Proposed a new DFSS approach for power generation repair processes with specific 
applications to gas turbines.  
 Developed a framework or cycle for new DFSS approach. 
 Discussed and developed detailed steps within the framework or cycle. 
 Proposed six sigma tools that can be used during proposed DFSS various steps. 
 Developed statistical probabilistic life assessment (PLA) approach for validation of the 
repair concepts. 
 Completed a case study: Compressor stator vane repair using proposed DFSS approach 
 Demonstrated use of PLA step by step for the case study. 
 PLA approach was compared with a classical dynamics problem to determine the validity 
of the methodology. 
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CHAPTER 2 SIX SIGMA LITERATURE REVIEW 
2.1 Methods For Literature Survey 
 
An extensive six sigma literature survey was performed in order to investigate and explore 
the ways and applications of applying six sigma methods and approaches to improve the quality 
and performance of the products and services. Below were the objectives of the literature survey,  
 Explore various six sigma methods and approaches presently being used for different 
industries. 
 Once above step gets completed; check for any six sigma method approach that is 
presently available or little modifications can be used for power generation GT repair 
processes. 
Based on the literature survey, the research gaps related to the topic under consideration were 
identified. Below were the methods used for the literature survey,   
 Surveyed research articles/journal publications/conference proceedings available in the 
industrial engineering domain with a main focus upon quality management, system or 
technologies. 
 Surveyed doctoral and master’s thesis information available in the public domain from 
the universities with the main focus upon quality management, system or technologies. 
 Surveyed power generation companies such as GE, Siemens, MHI, Rolls Royce, Alstom 
white papers, articles and any information available in the public domain related to the 
use of six sigma methods and techniques applied to the GT components. 
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The process of surveying journal articles began with a search for all industrial engineering 
journals available in the public domain, then journals were selected which had more focus upon 
quality management, system and or technology areas (e.g. ASQ journal of quality management, 
quality technology, production and operations management and international journal lean and six 
sigma) as shown in the Figure 1.0. 
In addition, rankings of the journals were also checked available in the public domain (see 
Figure 2.0) so as to emphasize for initial scrutiny of the articles.  
Similar to journal article search process conference proceedings were searched for the topic 
under consideration.  
While surveying for prior doctoral and master’s thesis information related to quality 
discipline, initial survey work began with UCF and then expanded to other universities. 
Finally, power generation OEM companies white papers, articles available in the public 
















2.2 Summary Of Literature Survey 
 
Overall 97 articles from various journals related to the quality and power generation 
industry were surveyed to gather information on the six sigma methodologies and applications to 
different industry sectors. Table 3 shows the journals and number of articles related to various 
fields that discussed various six sigma methods or approaches. 
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Total 2 4 8 6 6 2 3 3 4 8 14 37 
            97 
 
After reviewing various articles from several journals, a comparison among the most 
relevant papers were created and shown in Table 4. The major difference appeared to be 
customer agreement before product manufacturing and use of statistical analysis to justify the 
product modifications. In the present dissertation, the proposed DFSS approach requires getting 
the customer agreement before proceeding to the repair development process and included 
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2.3 Key Finding For Literature Survey 
 
As mentioned in section 2.2, overall 97 relevant journal articles related to six sigma 
methods and approaches with practical applications to various fields were studied available in 
the public domain.  
The following paragraphs discuss the key findings of the six sigma literature survey. 
I] Journal Articles/Conference Proceedings literature survey: 
Arumugam V., Antony J., and Linderman K., 2014, systematically reviewed and 
synthesized the academic research on six sigma and business performance. The article discussed 
various six sigma approaches required for different business models used by the industries such 
as aerospace, automotive, healthcare. The main finding from this article was the use of 
traditional six sigma approaches and how they benefit the businesses. 
Watson G., DeYong C., 2010, in their article described the historical approach to 
concurrent engineering (CE) which has been used by product line management by various 
organizations. The paper pointed out the need for rigorous examination of logical six sigma 
models using DMAIC/DFSS methods that are proposed for guiding the practitioners while using 
quality methods both for products engineering and business systems. The authors suggested 
almost unique DFSS models for various industries. 
Snee R, 2010, assessed lean six sigma methods and approaches to identify important 
advances over the last 10 to 15 years and discussed emerging trends that suggested how the six 
sigma methodologies need to evolve. The author found that organizations have many different 
improvement needs that require objectives and methods contained in the lean and six sigma 
28 
 
methodologies (DMAIC/DFSS). The author’s findings suggested that improvement was most 
effective when approached in an holistic manner addressing improvement in all parts of the 
organization using an holistic improvement methodology which required a customized lean six 
sigma DFSS approach. 
Pulakanam V., 2012, mentioned that in the early 1990s several empirical studies have 
been undertaken linking quality efforts to organizational performance such as total quality 
management (TQM) and six sigma. The author claimed that the implementation of six sigma 
delivered an average savings of 1.7 percent of revenues over the implementation period and 
returned more than $2 in savings per dollar invested on Six Sigma. The author has shown the 
benefits of use of DMAIC and DFSS six sigma methods to the organizations. However there is 
no specific mention of the power generation industry. 
Al‐Mishari S., Suliman S., 2008, reported in their paper weaknesses with existing 
equipment reliability improvement methods through their integration into the six‐sigma DMAIC 
methodology. The value of their paper lies in the introduction of six‐sigma into equipment 
reliability/maintenance applications which was quite original since this methodology has 
traditionally been limited to manufacturing. The outcome of this paper was of significant value 
as it opens up a new perspective into the development of reliability improvement measures for 
plant equipment. 
Reosekar R., Pohekar S., 2014, authors’ study involved an analysis of 179 research 
articles published from 1995 to 2011 in 52 selected reputable journals. The selected articles were 
classified by time distribution of articles, research methodology, research stream, authorship 
patterns, sector-wise focus of articles, integration with other manufacturing philosophies, and 
29 
 
implementation status and performance measurement of the models.  Again, there was no 
specific mention of the power generation industry. 
           Min L., Ahn K., Yoon Y., 2012, used DIDOV (Define, Identify, Design, Optimize and 
Verify) DFSS six sigma approach to design power generation gas turbine combustion parts. In 
the Define phase, the NOx reduction target was set, then the status of the power plant was 
diagnosed in the identify phase. During the design phase important control parameters to meet 
the defined target were determined based on the analysis of the correlation between the control 
parameters and NOx emissions. For the optimize phase, the optimum condition was determined 
using one of the six sigma tools. During the final phase the optimum condition parameters were 
verified by applying the condition to the gas turbine combustion tests. This new six sigma DFSS 
approach resulted in reduction of NOx emissions by 70% and the standard deviation was 
improved by 60%. This was a very good example of the application of the DFSS approach for 
new build products of power generation gas turbine parts. 
            Dubikovsky J, 2015, has presented incorporation of six sigma methods into the aviation 
gas turbine engines which benefited aircraft engine manufactures’ in several ways with design, 
manufacturing, purchasing etc.  
             Kaushik P. and Khanduja D., 2008, have used  the six sigma method in a thermal power 
plant for energy conservation during DM (de mineralize) water process. They found that 0.1% 
increase in DM water consumption increases power generation cost by Indian Rs. 82.82 lakh 
annually. They also mentioned that the use of six sigma recommendations brought down the 
requirements for makeup water from 0.9% to 0.54% MCR accruing it with comprehensive 
energy savings of Indian Rs. 304.77 lakh annually. 
30 
 
              Kane J., 2003, while working at DuPont applied six sigma problem methodologies to a 
variety of business, technical, transactional, and process problems across the organization. He 
applied six sigma methods and tools to analyze energy conversion processes such as steam 
boiler, turbine generator, central refrigeration, compressed air, and HVAC systems. The author 
mentioned that DuPont was able to gain and maintain remarkable energy savings using six sigma 
methods. Author also applied six sigma methods to energy utilization processes such as the 
heating and refining during manufacturing process. It appears that the six sigma energy project 
savings of over $250,000 annually for an individual project. The author has also discussed the 
six sigma methodology and presented case studies of several energy efficiency projects those 
were succeeded.  
              Fouquet J., 2007, mentioned in the article the use of Lean Product Development (LPD) 
and Design for Six Sigma (DFSS) approaches to satisfy customer expectations for small 
industries. The author’s study was focused on identifying various dissimilarities and similarities 
between six sigma methodologies and the correlation between them. This comparison showed by 
the author is of high importance to six sigma practitioners while deciding on a strategy for their 
product development. LPD and DFSS methodologies helped to reduce waste and development 
time and increased the quality of a product in the beginning of the product development. 
              Ngapuli I., Sinisuka, H. and Nugraha, 2013, presented an approach to predict the life 
cycle cost (LCC) on the power generation operating engines The article was mainly related to 
estimating the total cost of ownership which included project or asset acquisition cost, 
operational and maintenance cost, disposal cost. The interesting point was noticed that LCC cost 
estimation included deterministic costs (such as acquisition costs, improvement costs and 
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disposal costs) and probabilistic (such as failure cost, spare, repair, downtime cost and gross 
margin) cost. This was the first article that depicted usage of six sigma tools that could be 
applicable to the present dissertation discussed in this report. 
              Premaratne S. and Senevi K., 2012, presented an approach using the six sigma frame 
work for aircraft maintenance and repair planning and scheduling. Although the presented 
framework was mainly applicable to the aerospace industry, however some of the steps could be 
used by other industry sectors including power generation. 
              Andrew T., Barton R., Byard P., 2008, have discussed an integrated six sigma 
maintenance (SSM) model for the manufacturing industry mainly for the UK manufacturing 
sector. The proposed six sigma model combines contemporary business management techniques 
along with TQM strategies and provides repair and maintenance managers and engineers a 
strategic framework to increase efficiency and output. 
              Yamashina H., Mizuyama H., Byard P., 1998, in their article presented how the number 
of short stops could be reduced by placing inspection and repair stations strategically for an 
automated assembly line.  They used the DMAIC methodology to achieve the change. Authors 
developed an algorithm to optimize the steps during the improve phase to solve the assembly 
sequence issue. Again the methodology developed to optimize the sequence was specific to 
automate an assembly system. 
              Bañuelas R., Antony J., 2004, have presented six sigma frameworks for software design 
processes. This was a unique six sigma methodology applicable to software designing.  They 
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have clarified some of the myths of their methodology and suggested practical challenges 
However their approach is not suitable for the power generation industry. 
              Gijo E., Sarkar A., 2013, in their article they presented the DMAIC methodology for the 
development of wind farm roads, manufacturing, installation and service of windmills. Even 
though this particular paper was related to power generation service industry however, no new 
six sigma approach was developed.   
              Aggogeri F., Mazzola M., O'Kane J., 2009, in their article presented a DFSS 
methodology to improve business performance and customer satisfaction at a small 
manufacturing company. They designed an extrusion process by applying project management, 
along with DFSS steps such as brainstorming and statistical tools (ANOVA, DOE). An 
important finding to notice from this article was the use of various quality tools that could be 
used for DFSS steps. 
              Shahin A., 2008, in the article presented a survey for Design for Six Sigma (DFSS) 
methods used by world class companies. The author’s key finding was the companies’ use of a 
unique DFSS approach suitable to their application, in some cases creating a new DFSS 
approach. This finding confirms that power generation repair industry requires a unique DFSS 
approach to suit the business needs. 
              Booysen C., Heyns P., Hindley M., Scheepers R., 2015, presented a probabilistic lifing 
approach as a six sigma tool that can be used in fatigue life prediction for a steam turbine blade 
subjected to dynamic loadings. They used finite element analysis models of the blade to generate 
the transient response of the blades. The authors also mentioned use of random curve data fitting 
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for material properties using finite element analysis results. They also used confidence intervals 
in statistical models to account for uncertainty in the material properties. However, this approach 
can only be applied to new products, as in the paper there was no mention about but repair 
processes applied to the steam turbine parts. 
              Zhao J., 1995, presented a generic probabilistic life evaluation model that can be used as 
a six sigma tool for part life estimations. The author specifically developed the approach for 
rotorcrafts; however the framework can also be used in the power generation field.  There are 
lots of similarities between power generation and aircraft engine parts even though the 
functionalities are different. The six sigma tool presented in the paper predicts the probabilistic 
failure rate taking into considerations from design requirements, failure criteria, material 
properties, analysis and test conditions using statistical probabilistic. It was assumed that all the 
data used followed normal distributions. However, the particular framework presented in the 
paper was very generic and mainly focused upon new build parts. 
II] Doctoral and master’s theses survey: 
Baral M. ULBS, 2014, aimed the research to investigate interactive phenomena of 
knowledge management (KM) concepts with the six sigma methods, and how KM concepts 
including updated elements could be integrated in a structured, systematic and effective way with 
the six sigma framework for project deployment. The research aimed for application of KM 
concepts within the Six Sigma projects deployed to the textile manufacturing process. Author 
proposed a structured integrated conceptual model; namely DMAIC- KM model that could be 




Chakrabarthy A., 2009, in the doctoral research work presented results from two aspects. 
The first concern was with the estimation of success and progress of service organizations due to 
six sigma implementation. The author accomplished this activity by conducting a large-scale 
survey of service organizations situated in different geographic locations. The author mentioned 
that the results obtained by analyzing the responses indicated that mainly mass services have 
implemented six sigma throughout the organization and they were the most successful and 
progressive. The use of tools and techniques was also different among successful and less 
successful organizations. Successful service organizations use a smaller tools and techniques 
compared to less successful organizations. Author presented 18 cases studies in his theses which 
encompass various service industries using traditional DFSS and DMAIC methods. 
III] Power Generation Industries white papers/articles/information pertaining to applications of 
six sigma methods and approaches while designing their products and processes: 
An article from GE on gas turbine repair technology “GER-3957B” (reference 22) 
described some of the repair processes and technologies currently used by GE’s Global 
Inspection and Repair Services Operation used for power generation GT parts. This article 
describes the repair processes such as coating, welding, brazing, drilling and destructive analysis. 
Also, described in this article an approach to assess the repaired parts integrity. However, major 
missing factor from the article was the failure mode identification and prediction of failure rate 
after repair. In such a case six sigma DFSS approach should certainly help in order to enhance 
quality of the overhauled parts and increase customer satisfaction. 
Another article from GE described a DFSS approach which was DMADOV (define, 
measure, analyze, design, optimize and verify) used specifically during the design of new parts 
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(reference 23). The author of the article also showed a frame work for the six sigma process 
along with tools used in each step. It appeared that GE has customized the DFSS approach for 
designing new build parts for power generation purposes. The article does not describe any six 
sigma approach for repair process or products. 
An article from Motorola (reference 24), described evolution of DFSS six sigma 
approach and the author mentioned that Motorola began to quantitatively benchmark its 
performance against companies that held a much stronger competitive position before using 
traditional DFSS approach. The author said that after implementation of six sigma methods, 
Motorola was changed and made the company very competitive with competitors. This article 
presents evolution of six sigma DMAIC method and DFSS approach at Motorola. 
An article from Honeywell’s Dr. D. Houston (reference 25) on a case study using 
traditional DMAIC approach on simulation of software system usage, based on data elicited from 
regular system users, provided a sound, quantitative basis for estimating productivity increases 
and justifying upgrade investments. Honeywell is a small engine manufacturer for power 
generation sector. The case study presented was for software used during new build product 
design. The missing factor from the article was measurement of actual savings (business case) 
and use of a control plan for monitoring variation in improved steps of the process (lacked 
implementation). 
2.4 Literature Survey Conclusion 
 
Above discussions showed various six sigma methods and approaches with practical 
applications to different industries in the public domain. However, there was insufficient 
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evidence found for the six sigma approaches and applications to power generation repair 
processes (parts being overhauled at an intended interval). There was a need to develop a unique 
six sigma approach for power generation repair products and processes, since the currently 
available six sigma DFSS approaches are not adequate to design and develop repairs for the parts 
used in the power generation GT industries. The major reasons for inadequacy for application to 
power generation repair products and processes are; different business models involving 
customers across the globe, project requirements driven by failure modes; emergent needs and 
long term strategy plans required in order to address various failure modes. Usually a pilot 
design is required for the product and process development using the present DFSS approach 
whereas GT repair customers cannot wait for the pilot design/process to be proven. In addition a 
validation (engine testing) is required for the present DFSS approach which can take several 
months and with huge expense; whereas the GT repair customers cannot wait for such a long 
time period and do not wish to pay for the testing. Thus there was a need to develop a quick and 
robust validation approach which is a missing factor for present DFSS approach. 
These GT parts even though originally designed for a certain number of cycles and hours 
they still go through repair at certain time before they retire or go out of functional requirements 
as described in the introduction section. Such type of business model where in which original 
design expects that there will be some kind of repair required for the parts at a certain point of 
time in the product life cycle requires a new DFSS approach. A new six sigma DFSS approach 





CHAPTER 3 POWER GENERATION PARTS AND FAILURE MODES 
3.1 Introduction To Power Generation GT Parts 
 
A power plant is a facility for electricity generation. It can be steam turbine or gas turbine 
driven or sometimes a combination of both steam and gas turbines in cases of a combined cycle 
power plant. Figure 3 shows a combined cycle power plant facility which includes several parts 
in addition to steam and gas turbines such as a generator, cooling facilities, compressor, 
transformers, condensers and heat recovery systems. During operation, air is taken at the gas 
turbine inlet and fed through the GT unit to produce power, exhaust gas heat is utilized to heat 
the water through a heat recovery steam generator and fed to the steam turbine to produce power 
(electricity) which is collected at a transformer. In this dissertation, the major focus was upon the 
GT part rather than steam turbine or any other power plant part. 
 
Figure 3 A Typical Combined Cycle Power Plant Layout 
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3.2 GT Parts Familiarization And Repair Products 
 
Power generation gas turbine (heavy duty application) mainly constitutes three modules; 
compressor, combustion and turbine sections. Each section has primary parts such as blades, 
stator vanes, rotors, seals, casings, in case of compressor and turbine sections. The combustion 
section includes baskets, transitions, support housing and fuel nozzles as the main parts. The 
Figure 4 shows a typical large gas turbine three dimensional cut section to illustrate the 
complexity of the power engine. 
 
Figure 4 Typical Large Gas Turbine 3D Section (source Siemens PG website) 
Figure 5 depicts a large gas turbine assembly layout example along with various parts 




Figure 5 Example Large Gas Turbine- Assembly (source Siemens PG website) 
As discussed above, below are the major parts of a GT unit and discussions about these 
parts along with their failure modes are presented in the subsequent sections 
 Compressor: Casings, Diaphragms/Stators, Blades, Seal holders, rotors 
 Turbine: Casings, Blades, Vanes, Ring segments, Inter stage seal housing, rotors 
 Combustor: Fuel nozzles, Baskets, Support housing 
Typically, the GT parts are designed by an OEM for a specific number of hours and 
cycles (also known as starts) before their performance degradation. In addition, they also have an 
intended repair interval depending upon the type of the part. For example, typically combustion 
parts can have 8,000 or 12,000 hours of operation per repair interval with maximum of 36,000 to 
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48,000 hours of service operation. Thus combustion parts can be serviced by 3 to 4 times before 
they complete their intended total design life. Turbine parts usually have 48,000 to 72,000 hours 
for total design life with repair intervals at every 24,000 hours and compressor parts are designed 
for 96,000 hours of operation with the repair interval at every 48,000 hours. The above 
mentioned design life and component repair intervals can change from one OEM to another 
OEM, however primary GT components shall require repairs at some point of time during their 
life cycle. 
Therefore, any overhauled GT part is called a repair product and it goes under a repair 
process to be functionally fit to re-operate in a GT unit. 
3.3 GT Parts And Failure Modes 
 
In this section, three major sections or modules of a GT unit sub component and their 
distress modes called as failure or damage modes during service operating conditions are 
described. 
3.3.1 Compressor Section 
 
Figure 6, depicts a typical cross section of a compressor GT unit; mainly it consists of 
casings, rotors, stators, blades and seal holder as sub components. The purpose of the compressor 
section is to deliver compressed air to the combustion section to burn fuel. Also, sometime cold 





Figure 6 Example Compressor Cross Section LGT (source gasturbinetutorial.blogspot.com-604) 
Figure 7 shows a stator or diaphragm sub component of the compressor section.  The 
stator plays a crucial role during service; it guides the airflow through the compressor to improve 
efficiency of the unit. As air passes through the stator vanes, it smoothens out the flow to 




Figure 7 Example Compressor Diaphragms or Stators LGT (source ccj-online) 
Typical failure modes experienced by stators or diaphragms are shown in the Figure 8 
during service operation and they can be FOD, wear, erosion and cracks due to the operating 
conditions while compressing air. Usually, these failure modes are caused by high cycle fatigue 





Figure 8 Example of Failure Modes of Compressor Diaphragms or Stators (source ccj-online) 
Figure 9 shows the seal holder subcomponent of the compressor section. The function of 
the seal holder is to seal the airflow between stator and rotor parts so that there is no airflow 




Figure 9 Example of Compressor Seal Holder (source Siemens PG website) 
The failure mode experienced by the seal holders is mainly wear as shown in the Figure 
10 and can be found in the hooks where they get interfaced with the stator parts. 
 
Figure 10 Example, Failure Modes of Compressor Seal Holders (source Siemens PG website) 
Figure 11 shows a casing subcomponent of the compressor section. Casings are outside 




Figure 11 Example of a Compressor Casing (source oddstuffmagazine.com) 
Typically casings exhibit pitting erosion and wear failure modes as shown in the Figure 
12 during operating conditions. 
 
Figure 12 Example, Failure Modes of a Compressor Casing (source ccj-online) 
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3.3.2 Turbine Section 
 
Figure 13 below depicts a typical cross section of the turbine module of a GT unit; 
mainly it consists of casings, rotor, stators, blades and inter stage seal housing as sub 
components. The functionality of the turbine section parts is to expand the air so as to drive the 
turbine and compressor and at the same time the turbine shaft gets attached to generator to 
produce power. 
 
Figure 13 Example Typical Cross Section of Turbine LGT (source etspower.com) 
Figure 14 shows typical failure modes of turbine casing which are usually wear, erosion, 
cracks and FOD. The turbine casing protects inner assembly parts similar to compressor casing 




Figure 14 Example, Failure Modes of Turbine Casing (source Siemens PG website) 
Figure 15 depicts the inter stage seal housing subcomponent of a turbine module. The 
functionality of this sub component is similar to that of a seal holder to seal the air between rotor 
and stator parts to minimize performance loss. 
 
Figure 15 Example, Typical Inter Stage Seal Housing (source Siemens PG website) 
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Typically, inter stage seal housing experience wear, erosion and seal damage as failure 
modes and are shown in the Figure 16. 
 
Figure 16 Example, Failure Modes of Inter Stage Seal Housing (source Siemens PG website) 
Figure 17 and 18 depict the stator vanes (single and double airfoils) sub component of the 
turbine model. The function of the vanes is to guide the hot gas in the unit and improve the 
efficiency of the turbine section. 
 




Figure 18 Example of Single Airfoil Turbine Vane (source liberdi.com) 
The failure modes of vanes observed to be linear cracks that can be classified as narrow 
(crack width <0.15 mm) or wide (crack width >0.15 mm) gap cracks; erosion as shown in the 
Figure 19. 
 
Figure 19 Example, Failure Modes of a Turbine Vane (sourc ccj-online) 
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Turbine blade features with and without shrouds are shown in the Figure 20 and 21 
respectively. The turbine blade plays a crucial role in expanding the hot gases while producing 
power. 
 
Figure 20 Example of Unshrouded Turbine Blade (source ge.com) 
 
Figure 21 Example of Shrouded Turbine Blade (source gasturbinepower.ASME) 
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Typical failure modes for a turbine blade are radial tip crack, tip wear, platform cracks 
and angel wing cracks. The typical failure modes of a turbine blade are shown in the Figures 22, 
23 and 24. 
 
Figure 22 Example, Failure Modes of a Turbine Blade- Platform, Angel Wing (source Siemens PG website) 
 




Figure 24 Example, Failure Modes of a Turbine Blade- Radial Tip & Platform Cracks (source ccj-online) 
3.3.3 Combustion Section 
 
Figure 25 shows a cross section of a typical combustion parts mainly consist of support 
housing, pilot nozzles, baskets and transitions. 
 
Figure 25 Example, Typical Cross Section of a Combustion of LGT (source power-technology.com) 
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Figure 26 shows some details of the parts fuel nozzles, basket and support housing. The 
functionality of combustion parts is to support burning of fuel and contain as well as transfer hot 
expanding air to the turbine section. 
 
Figure 26 Example, Typical Parts of Combustion Section of LGT (source ccj-online) 
Table 5 shows the summary of failure modes for all sections of a GT unit with a focus on 
main components. GT parts typically experience these failure modes during their service 
operation and require them to be overhauled during repair intervals so that they can become 





Table 5 Failure Modes for Various GT Parts 
GT Section Part Failure Modes 
Compressor Diaphragms Airfoil- FOD, linear cracks, erosion and corrosion 
Shrouds- Wear, corrosion, cracks 
Seal Holders Wear 
Casings Pitting erosion, small linear cracks, wear 
      
Turbine Casings Wear, erosion, cracks, out of roundness 
Interstage seal 
housing 
Wear, erosion, cracks, out of roundness 
Vane Airfoil- FOD, craze cracks, zipper cracks, narrow and wide gap 
cracks, erosion, TBC spallation 
Platform- Erosion, narrow and wide gap cracks, TBC spallation 
Blade Tip cracking and wear, platform erosion and cracking, TBC 
spallation 
      
Combustion Baskets Cracks in the frame and liner, bent thermocouple tubes burning 
of the exit end, wear, misalignments, FOD 
Fuel Nozzles Cracks, wear, oxidation,  





3.4 GT Parts Overhaul And Repair Importance And Role Of Six Sigma 
 
During service operation GT parts experience various types of damages which can be 
broadly categorizes into two; continuous operation and cyclic damages. The continuous 
operation damages typically consist of oxidation, erosion, wear, FOD (foreign object damage) or 
DOD (domestic object damage), HCF (high cycle fatigue) and TMF (thermal mechanical 
fatigue). The cyclic damages may involve TMF (thermal mechanical fatigue), wear and erosion. 
These damages can result in cracks or loss of material which depends upon several parameters 
such as geographical location (Asia/ North America/Middle East or Europe etc.) of the power 
generation unit, an operational anomaly. The repairable limits such as damage 
(crack/FOD/DOD/erosion/oxidation) length, depth and surface area can be decided based upon 
repair technology and capability of the repair facility and effect of repair on part’s integrity. 
Designing of the repair limits are one of most challenging factors during overhauling. Because 
any excessive repair on the parts can trigger immediate or accelerated complete failures of the 
parts which may cause significant amount of financial loss to the power plant owners and gas 
turbine manufacturers. Therefore, power plants and GT manufacturers negotiate on warranties 
which are often very expensive. Thus overhaul and repair of the heavy duty gas turbine parts 
play a very crucial role for the power generation industry. 
It is known that six sigma methods can be used during the design of GT parts and there 
are many journal articles available that describe the systematic use of six sigma processes such 
as DMAIC as well as DFSS. However, it is required to have a six sigma approach that will work 
for repair process development of GT parts to ensure the quality, lead time reduction and lower 
the cost of the repaired parts. 
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CHAPTER 4 METHODOLOGY 
4.1 Outline Of The Methodology 
 
The proposed DFSS approach mainly consists of four phases; identify, prioritize, design 
(comprehensive design) and implement. Figure 27 shows the skeleton of proposed DFSS 
approach. 
 
Figure 27 Proposed DFSS Approach 
Mainly the DFSS approach was derived based upon operational experience across several 
continents and customers’ demands. GT operations are always driven by geographical region 
needs. That means power plant sites located in the Middle East, Europe, North America, South 
America and Asia have different overhaul and repair requirements for the GT parts because of 
types and severity of failure modes can be different from one site to another site. It is very 
57 
 
important to recognize such needs before repair development planning takes place. Once repair 
needs are identified, prioritization of these requirements is required in order to determine short 
term (also called as emergent) and long term needs. Based on categories of repair requirements 
the next step is to determine the repair development plan and business case creation which 
involves technical and commercial risks so as to continue on the program. Once repair 
development trials are completed then in the final phase repair facilities should be qualified for 
future orders. 
4.2 Methodology Description 
 
The six sigma approach used here was abbreviated as “IPDcI” of “IPDI” (Dc stands for 
comprehensive design) as described in the section 4.1. Figure 28 shows the detailed repair 
process development life cycle. It should be noticed that there was no validation phase included 
since the repair process development of the GT components should be inexpensive as compared 
to the new build part cost and development time so that the part would be put back into the 
engine for operation. Therefore a comprehensive design phase is developed which includes 
preliminary design, business case, final optimized design and verification using finite element 
simulations, probabilistic life calculations (sometimes simple mechanical testing to validate the 
FE models (no expensive rig or actual gas turbine unit test). The major advantage of the 
comprehensive design phase is the ability to predict the failure rate using past GT test experience 
and scaling those results using simulations and six sigma statistical tools (design of experiment). 
The first phase, ‘Identify’ begins with customer location  This matters a lot as geographical 
region repair needs of the customer could be different because of extent and nature of the failure 
modes on the parts. Thus during the identify phase, customers and their repair needs should be 
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determined using classical six sigma tools such as VoC (voice of the customer), SIPOC (basic 
process map) for the components. The customer needs could be collected from the marketing 
team, field service team and regional repair network facilities. Once all customer requirements 
have been sorted out then the next step of the ‘IPDcI’ approach was to ‘Prioritize’. During this 
phase emergent needs (field issues, customer repair lead time) and specific repair requirements 
from various power plant sites are analyzed. This is done using the classical six sigma tool such 
as a CTQ tree, Kano model and C&E (cause and effect) matrix. This phase determines the repair 
product strategy for the customers (gas turbine power plant sites). Once repair product strategy is 
set up then, it is required to translate the emergent needs into a priority list. This is done using 
the QFD six sigma tool. The deliverable of the prioritize phase is usually a repair development 
plan and preliminary business case (repair vs replacement cost, risks). The repair development 
plan includes the repair trials (or technology) completion schedule, budget (cost to achieve repair 
development of the part under study), manufacturing qualifications. As soon as the repair 
development plan is prepared, the next important step of the proposed ‘IPDI’ cycle is the 
comprehensive design (Dc) phase. The comprehensive design (Dc) is initiated with the 
preliminary design in which repair concepts are brainstormed and evaluated. During 
brainstorming sessions, various experts (design, materials, manufacturing, field service, budget 
owners, and repair development engineers) should participate to come up with the concepts. 
Once the repair concept is finalized then the business case can be updated with the proposed 
repair cost. This is a ‘Go/No Go’ toll gate to decide if the repair program is feasible to move 
forward or stop at this point. Again QFD is a very useful six sigma tool to make decisions during 
this process. If the updated business case review gets passed then the final design phase begins. 
During the final design phase FE simulations are done to evaluate mechanical integrity of the 
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repair concept. A design of experiment can be performed to optimize the repair geometry.  Also, 
in many cases it is required to perform small lab testing to validate FE models. This depends 
upon complexity and technical risks associated with the part operation during service. In addition 
sometimes a material testing is done to explore material properties such as tensile and fatigue 
tests of the repaired sample specimens. Once FE simulation, lab and material test data are 
collected then finally part failure rate is predicted using prior GT test data. This is usually done 
via scaling the results for repair parts using probabilistic life calculations. The failure or scrap 
rate for the fleet is one of the deliverables from the design phase. In addition, repair trials are 
performed to check if the proposed repair process is feasible in terms of time and quality 
requirements. The final phase of the “IPDcI” approach is the ‘Implement’ step in which a 
customer set is identified for repair and procurement of necessary tooling and fixtures for the 
repairs. The first requirement of the implement phase is the limited or conditional manufacturing 
qualification in which process capability analysis is carried out to verify manufacturing 
expectations. The final requirement of the ‘Implement’ phase is unconditional manufacturing 
qualification in which the repair facility is allowed to continue parts’ repairs to remove limited 
qualification status. However, during unconditional qualification, it is required to conduct a 
capability analysis periodically to ensure the quality of the repair products and process. Figure 28 
shows the power generation repair product development life cycle phases and time lines. This 
product development life cycle is an average life cycle based on experience of overhauling 




Figure 28 Power Generation Repair Development Life Cycle 
4.3 Six Sigma Tools Used During Various Phases of New DFSS Approach 
 
Table 6 shows the various tools that could be used during different phases of the 










Table 6 Six Sigma Tools Used During Various Phases of DFSS Approach 
 
 Identify- During the first step, as discussed in the above section (4.2), regional customer 
needs are identified via voice of the customer sometimes called as voice of the repair 
market segment. In addition an internal repair facility needs and field operational issues 
are also gathered as part of the VoC process. A SIPOC tool is used after VoC typically to 
arrange a process map for the present repair process for a given GT section or module. 
Figure 29 depicts the key features of the identify phase. As discussed above, collection of 
geographical repair needs and goals is the objective of the identify phase. There are four 
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categories of inputs in this phase; repair shop requirements which includes failure or 
damage mode data collection during inspections that are not identified during 
geographical requirements, determine repair vs replace strategy; business needs which 
include cost reduction and new technology developments; geographical fleet 
requirements include collection of failure or damage modes and performance issues; new 
product requirements include redesigns and modifications in the fleet.  
 
Figure 29 IPDI- Identify Phase Features 
 Prioritize- In this step overhaul and repair needs are prioritized using CTQ (critical to 
quality) factors. Primarily CTQ factors are driven by part life, repair cost, GT 
performance. Kano model and C&E (cause and effect) matrix can be used to arrange the 
prioritized customer needs in a certain fashion so that they can be ranked depending upon 
short or long term goals. This decides repair product or process strategy for the GT parts 
under consideration. Once repair product strategy gets decided then the next step is to 
prepare a repair development plan and preliminary business case. The repair development 
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plan includes various toll gates for quality checks and these toll gates are repair product 
design and qualification process reviews. Process map, project plan, QFD (quality 
function deployment) tools are most suitable for this purpose. Figure 30 shows the 
prioritize phase key features. There are two outputs of this phase; repair development 
plan and preliminary business case. For the repair development plan, there are four inputs 
required such as geographical repair needs (this is the output of the identify phase), 
emergent needs (forced outages), repair facility resource availability and manufacturing 
requirements (mainly tooling, new repair methods). The preliminary business case 
requires replacement cost, potential risks (technical and financial) and estimated repair 
cost as inputs. 
 
Figure 30 IPDI- Prioritize Phase Features 
 Comprehensive Design- This phase includes three steps. It begins with preliminary 
design in which team members along with various discipline experts develop repair 
concepts, tooling requirements, potential risks and also determine preliminary costs for 
64 
 
the concepts. Pugh’s matrix and TRIZ methods can be used for the preliminary design 
and finalizing the concept. Once the final repair concept is selected the next step is to 
update the business case for the cost, lead times and repair forecasts. This is really a ‘GO’ 
or ‘No GO’ gate in order to release the repair development program, if the business case 
fails then most likely the program gets closed or requires re-evaluation of the financial 
calculations or objectives of the program. Mainly the QFD tool can be used for this step. 
If the business case gets approved then the next step is to pursue a detailed design. The 
repair concept gets analyzed via finite element analysis and sometimes CFD 
(computational fluid dynamics) modeling to estimate the part life after repair and impact 
on GT performance is evaluated for the parts under consideration. Various DOE (design 
of experiment) tools and capability analysis can be used as six sigma tools for this 
purpose. Since there is no validation phase for the proposed DFSS approach, it is required 
to estimate failure rates for the proposed repair approach. Many times it is done via 
probabilistic life assessment which primarily uses existing material testing data, prior GT 
test results. Typically, GT OEM companies keep the records for engine testing for all the 
parts and this data along with analytical calculations can be used to predict the failure rate 
for the given part under consideration. The probabilistic lifing approach saves significant 
amount of time and cost as it serves the purpose of validation.  Figure 31 shows the key 
features of the design phase. There are three deliverables proposed from this phase which 
are final repair design, risk assessment and final business case. A repair design is 
finalized based on repair concept selection and repair development trials supported by 
repair development plan (output of prioritize phase). It is important that the final repair 
design should be validated in some cases. The validation can be done by probabilistic life 
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assessment (PLA).  
 
Figure 31 IPDI- Design Phase Features 
PLA as mentioned above uses prior testing experience on the same product and 
FEA (finite element analysis) or closed form analysis calculations.  The Proposed 
framework for PLA is shown in the Figures 32 and 33. It must be noted that the proposed 
PLA framework is only applicable to high cycle fatigue (HCF) failure mode. It has 
overall eight steps and each step is discussed in the below paragraphs in detail. 
Step 1: Design Requirements- In the first step prior design experience related to the part 
under consideration is collected. This involves collection of data such as failure criteria, 
service operating conditions, frequencies or vibratory modes of interest. It is important 
that prior design models shall be studied so as to develop knowledge about the part 
design under consideration. 
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Step 2: In the second step, prior power generation GT unit test data shall be collected and 
studied. This includes collection of strain gage instrumentation test data and any other 
data such as air flow pressure changes, temperatures during testing. In this dissertation 
the major focus is upon the use of strain gage data collection and its usage for various 
modes that can be used further to predict repaired part responses. The probability 
distributions (PDS) shall be plotted against various modes of vibration for steady state 
baseload and start or shut down transient operating conditions. 
 




Figure 33 PLA Framework Steps 8-9 
Step 3: Material properties of the part under consideration shall be collected which 
includes elastic properties such as dynamic young’s modulus, poison’s ratio; physical 
properties such as density, coefficient of thermal expansion and tensile properties such as 
0.2% yield strength (YS) , ultimate tensile strength UTS. Similar to step 2, probability 
distribution curves can be generated with +/- 3 sigma standard deviation for tensile 
properties.  
Step 4: FEA/Lab Test Data- During repair development, it is extremely difficult to 
conduct another power generation GT test for a repaired part due to the cost and time. 
However, for many cases it is possible to develop finite element models or some type of 
closed form models to assess the repair concepts from the mechanical integrity 
perspective. In some instances, laboratory testing can be done in case of more complex 
repair to validate FEA models. In this step, it is proposed to develop FEA or analytical 
model for the baseline as well as repair geometries. Once the FEA model is created then 
dynamic strain values can be found at the repair locations and strain gage locations for 
68 
 
the baseline model. The strain gage locations can be obtained from the baseline unit 
testing (step 2). 
Step 5: Scale Factors- In this step scale factors are generated between repair location 
dynamic strain and prior GT test strain gage location dynamic strain using the FEA 
model. The FEA model is usually created for free vibration or modal analysis so as to 
collect the various frequencies of vibration. The scale factors can be used to predict 
service operating dynamic strains at the repair locations as it is very difficult to develop 
FEA models for forced vibration or dynamic conditions during operation.  
Step 6: In this step, dynamic strain distribution functions at repair locations are developed 
using scale factors from step 5 for critical modes of vibration obtained from step 1. 
Step 7: In this step data from step 3 and 6 is used to perform boolean (subtraction) 
operations for various vibratory modes or frequencies of vibration. Probability 
distribution functions for strength (material properties, step 3) and loading (step 6) for 
each critical mode of vibration data is used to perform probability subtractions. PDF can 
be converted to standard normal probability distributions if required due to different 
scales for strength and loading curves. The subtractions of PDFs produce predictions for 
probabilities of failures for each mode of vibration. 
Step 8: Combined probabilities of failures- In this step all probabilities of failures are 
collected for each mode of vibration and summed up to estimate combined probability of 
failure for a given operating condition such as steady state or start/shutdown transients. 
Once combined probabilities of failures are estimated then confidence intervals such as 
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50%, 90% or 95% can be plotted to see the variations in the failure rates. Finally these 
failure rates are compared against the allowable failure rate which can be set by risk 
assessment and failure cost to the power generation GT unit. 
Again, the above steps and PLA is applicable to only the HCF failure mode. For 
other failure modes similar to PLA can be developed and those are not covered in this 
dissertation. The purpose of this PLA is to showcase an example for a failure mode. A 
case study for compressor stator using this PLA is discussed in chapter 5. Figure 34 
depicts the key features of the PLA framework. These key features are strength and 
loading probability density functions for transient and steady state operating conditions. 
Both probability distributions are required in order to predict the failure rate for the 
repaired part. 
 
Figure 34 PLA Key Attributes (source www.ewp.rpi.edu) 
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 Implement- In the final phase, once the repair concept is fully developed and product 
definition which includes drawings, CAD models and repair instructions are released; a 
conditional qualification is performed. During limited or conditional qualification few 
sets are identified for the repair of the part under consideration and capability analysis is 
performed on dimensional inspections. If the data from the conditional qualification 
appear to meet the manufacturing qualification requirements then the repair facility gets 
un-conditionally approved to perform repairs on the future parts with statistical process 
control requirements. Figure 35 shows the key features of the  implement phase. This 
phase is focused upon manufacturing qualifications and repair production.  The 
manufacturing qualifications involve final repair design drawings, generating repair 
instructions and development of critical to quality dimensions from the repair 
perspective. During actual production, classical statistical process control can be used 
along with six sigma tools discussed in Table 6. In this dissertation, implement steps are 
not discussed in detail as these are very specific to a given part. Only a general structure 
is proposed for the discussion purposes to showcase key features or points to be 













CHAPTER 5 CASE STUDY: GT AXIAL COMPRESSOR 
DIAPHGRAM/STATOR REPAIR 
5.1 Case Study- Introduction 
 
The case study demonstrates the use of the IPDI approach discussed in chapter 4.0. The 
data used in this case study was found from information available in the public domain 
(internet search). The particular case study discussed was focused upon service operated GT 
compressor stator or diaphragms repair. One of the major focuses in the case study was the 
use of a PLA (probabilistic lifing analysis) approach to justify the repair design so that the 
stator could be directly used for field operation.  Also, the case study demonstrates the one 
type of loading condition in the PLA framework which is HCF (high cycle fatigue). Figure 
36 shows details of the design, functionality and typical failure modes for GT compressor 
stators. 
 
Figure 36 Case Study: Introduction 
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Typically, GT compressor stators are used for 100,000 hours of operation with the major 
inspections at 50,000 hours of operation. This is very common for large gas heavy duty gas 
turbine compressors.  It was assumed in the case study that the compressor stators under 
study had gone through first service intervals and would get repaired at the repair facility.  
For evaluation purposes two different GT units are considered; one from North American 
region and another one from Middle East area. The major reason behind considering different 
GT units from two different geographical regions was to show the difference between the 
failure or damage modes due to different environmental conditions such as sand storms 
(Middle East region) or snow storms (North American region).  
 
Figure 37 Case Study: Compressor Stator Nomenclatures and Zone Definitions  
A typical GT compressor stator has three geometry features airfoil, inner shroud and 
outer shroud. The structure is subjected to various airflow fluctuations during service 
operations that can cause cracking to the airfoil due to dynamic loads. Figure 37 shows the 
nomenclature of the compressor stator parts and for damage evaluation purposes the stator 
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airfoil was divided into various zones such as A, B, D and E. The zones distributions (20%, 
60% and 20%) were based upon typical compressor airfoil failure modes intensities observed 
during service operation. Table 7 shows the failure mode matrix assumptions and Table 8 
depicts actual damage mode data used for Middle East and North American regions. 
Table 7 Failure Modes % Distribution Assumption 
 
Table 8 Failure Modes % Distribution Actual Data Assumption 
 
No of Damages LE Zone A TE Zone B AF OD Zone D AF ID Zone E
FOD/DOD 60% 25% 10% 5%
Cracks 25% 20% 50% 5%
Erosion pits 60% 25% 10% 5%
No of Damages LE Zone A TE Zone B AF OD Zone D AF ID Zone E
FOD/DOD 75% 10% 10% 5%
Cracks 25% 20% 50% 5%
Erosion pits 70% 15% 10% 5%
Failure Modes Matrix % Distribution- North American Site
Failure Modes  % Distribution Matrix- Middle East
No of Damages LE Zone A TE Zone B AF OD Zone D AF ID Zone E No of damages
FOD/DOD 60 25 10 5 100
Cracks 5 4 10 1 20
Erosion pits 6 3 1 1 10
No of Damages LE Zone A TE Zone B AF OD Zone D AF ID Zone E
FOD/DOD 38 5 5 3 50
Cracks 10 8 20 2 40
Erosion pits 70 15 10 5 100
Failure Modes Matrix Actual Data- Middle East
Failure Modes Matrix Actual Data- North American Site
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The design of experiment matrix (only for North American site) used for various EBH 
(equivalent baseload hours) is shown in the Table 9 and Table 10 depicts the summary of 
crack length data used in the case study. 
Table 9 Design of Experiment Matrix for Crack Lengths Vs No of Operating Hours 
 
M=1, STD= 1 M=2, STD=1 M= 3, STD= 1 M= 4, STD= 1
EBH 24000 34000 40000 50000
Set # 1 2 3 4
1 2 2 4
4 3 2 8
1 2 5 3
1 2 4 4
1 1 3 3
1 1 3 5
2 2 4 9
2 4 3 4
1 1 2 3
1 3 3 4
2 3 1 5
1 1 5 4
2 2 3 4
1 3 2 3
2 3 5 10
1 2 4 5
2 1 3 4
1 3 2 4
2 1 5 3
1 3 1 3
1 1 3 4
2 3 4 9
1 3 5 5
1 2 3 4
2 3 3 5
1 2 3 3
1 3 2 2
1 2 3 3
1 2 2 9
1 1 1 6
1 3 2 4
1 6 4 4
1 3 4 3
3 2 4 2
1 7 3 4
1 2 6 3
1 2 4 9
1 4 5 4
1 3 1 9
2 1 5 4
2 4 4 5
2 2 5 3
1 2 1 6
1 2 2 6
1 2 3 4
1 1 3 3
2 2 4 3
1 1 3 4
1 3 3 4
1 3 3 6
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Table 10 Summary of Crack Lengths 
 
5.2 Case Study - IPDcI Framework 
 
As discussed in the methodology section of chapter 4.0, the IPDcI (or IPDI) approach 
was used to evaluate the case study. Using the proposed IPDI approach, the case study 
framework was developed and is shown in the Figure 38.  
 
Figure 38 Case Study: IPDcI Framework  
Set 1 Set 2 Set 3 Set 4
Minimum 0.50 0.63 0.76 2.12
25th Percentile 0.50 1.66 2.14 3.36
Median 1.01 2.25 3.14 4.01
75th Percentile 1.50 2.81 3.73 5.13
Maximum 4.36 7.00 5.52 10.00
Summary of Crack Length
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During the identify phase failure mode data is collected. The prioritize phase is focused 
upon repair development plan and the preliminary business case development; 
comprehensive design phase involves repair concept development, verification, risk 
assessment and finalizing the business case; Implement phase is focused upon repair 
qualifications using statistical process control. The details of each of these steps are discussed 
in this chapter.  There is a large emphasis on probabilistic life assessment of repair geometry 
and the case study discusses the step by step proposal for failure rate evaluation. 
5.3 Identify Phase 
 
The identify phase used the data from section 5.2 for failure mode assessment such as 
FOD/DOD, cracks and erosion pits. Figure 39 shows the failure mode assessment for two 
different sites.  
 
Figure 39 Case Study: Identify – Statistical Failure Mode Assessment 
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It is evident that the airfoil LE zone A has a maximum number of damages for both site 
parts. However, the  key difference was the type of a failure mode contributing to the 
damages; for the North American site FOD/DOD type of damage was predominant whereas 
Middle East site parts received erosion pits as significant failure mode.  
Figure 40 shows the damage modes contribution for both site parts for various failure 
modes. It is evident that in both cases FOD/DOD and erosion pits were a significant 
contributor to the overall damages to the airfoil. 
 
Figure 40 Case Study: Identify- Damage Mode Contribution Example 
A box plot was created using the data from Table 9 and 10 discussed in section 5.2 for 
the North American site only.  The crack length range was in the range 1 mm to 10 mm. 
Three different crack lengths were chosen for further evaluation to check the limiting crack 
79 
 
length beyond which part could not be repaired. The different crack lengths chosen were 3 
mm, 6mm and 9 mm. 
 
Figure 41 Case Study: Crack Length Vs. EBH Box Plot Example 
5.4 Prioritize Phase 
 
As discussed in Figure 30, deliverables of the prioritize phase are repair development 
plan and preliminary business case. The repair development plan includes region and 
emergent needs, resource availability and manufacturing requirements. It also includes 
proposal for repair trials and schedule, initial repair concepts, critical path, lead times and 
materials requirements.  
Table 7 shows the business case example that can be used in the Prioritize phase. It 
includes development costs and repair project return over the period of several years and 
payback period of investment. In addition, it also includes potential technical and commercial 
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risks to the overall repair scope. The details of this phase are not discussed in this dissertation 
since risks may vary from part to part and it can be difficult to discuss all of those details in 
the dissertation. However, one can find lots of information in the public domain regarding 
risk assessment and business case creation. 
Table 11 Case Study: Prioritize Phase- Business Case Example 
 
5.5 Comprehensive Design Phase 
 
The design phase general roadmap is shown in Figure 31 and it has three deliverables; 
validated repair design, final business case and risk assessment. In this dissertation, the 
evaluation of repair concepts and validation approach has been discussed and business case 
and risk assessment details has not been discussed in detail  as it was discussed in chapter 
4.0. During the identify phase three different repair geometries were identified for the 
evaluation purposes which were 3 mm, 6 mm and 9 mm crack lengths. For the case study 
purposes, the three crack geometries assumed to be at the airfoil leading edge and at the 
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center. Therefore, three different repair models were analyzed from the repair acceptability 
perspective. The purpose of the analysis was to decide the crack length beyond which the 
repaired part could not be accepted and should be scrapped. 
 
Figure 42 Case Study: Design Phase- PLA Step 1 Requirement 
As stated earlier, this section (design) mainly focused upon probabilistic evaluations 
since it is important to discuss the repair verification approach and the PLA supports the 
verification approach. Figures 32 and 33 show the PLA steps discussed earlier during 
methodology section of the chapter 4. In this section the step by step evaluation process is 
described for 9 mm crack length and the results for other two geometries (3 mm and 6 mm) 
have been shown for comparison purposes.  
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Step 1: In the first step, stator airfoil design requirements needed to be found. For this 
example, three modes of vibration 1B (bending), 1T (torsion) and 2B (bending) were 
assumed to be critical during unit start or shutdown transient and baseload or steady state 
operating conditions.  Again the loading condition for this PLA framework was assumed to 
be high cycle fatigue. Figure 43 shows the step 1 requirement which is discussed above 
regarding collection of critical information related to the design of the part and loading 
conditions.
 
Figure 43 Case Study: Design Phase- PLA Step 1 Requirement 
Step 2: In the second step, GT unit test data needed to be collected such as frequency vs 
dynamic strain as shown in the Figure 44. In this example test data was created in MS- Excel 
assuming strain range between 50-300 micro strains. The strain range assumption was based 
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upon historical GT testing experience. Fifty data points were created for each mode of 
vibration (1B, 1T and 2B) and for every operating condition. A normal distribution was 
assumed. 
 
Figure 44 Case Study: Design Phase- PLA Step 2 Requirement 
The data created using a normal distribution assumption is shown in the Figure 45. It can 
be noticed that there are a total of six PDFs are created for three modes and two operating 
conditions (start transient and steady state).  These data points represent airfoil responses 
during operation at a location on the airfoil that could capture 1B, 1T and 2B modes of 
vibration. Repair location was assumed to be at the center of the airfoil on the leading edge. 
The strain levels at the repair location are usually unknown in practice. In this case, it was 





Figure 45 Case Study: Design Phase- PLA Step 2 Load PDFs 
Step 3: Material property data was collected in this step. For the evaluation purposes of 
this example, it was assumed that the airfoil material to be 304 SS (stainless steel). As shown 
in Figure 46, endurance strength (fatigue strength of the material) of the airfoil was 241 Mpa 
and the source of this information is shown in Figure 46. The weld debited endurance 
strength of the airfoil was assumed to be 181 Mpa (25% weld debit) in order to analyze the 
repair location. The 25% weld debit factor was assumed based upon type of weld and post 
weld inception method.  In this case, it was assumed that after repair X-ray NDE being used 
for inspections. A standard deviation of 5% was assumed on the endurance strength of the 
material and PDF curves for 241 Mpa and 181 Mpa with 5% standard deviation and +/- 3 





Figure 46 Case Study: Design Phase- PLA Step 3 Requirement 
 




Figure 48 Case Study: Design Phase- PLA Step 4 Requirement 
Step 4: In this step, FEA dynamic strains data was used from free vibration analysis so as 
to create scale factors for vibratory stress predictions. Figure 48 shows the FEA and lab 
testing set up that can be used to validate FE model as an example. Figure 49 shows the free 
vibration dynamic strains (also known as modal strains) for three modes of vibration (1B, 1T 
and 2B) and two different operating conditions; transient and steady state created during this 
step. Again the strain range was assumed to be 50 to 300 micro strains while generating the 





Figure 49 Case Study: Design Phase- PLA Step 4 PDFs 
Step 5: Scale factors were created between GT test reference strain gage on the airfoil 
and repair location using modal analysis results. Figure 50 and 51 show the scale factors 
(step 5) for three modes of vibration at two different operating conditions.  
Step 6: In this step, forced response dynamic strains were predicted at repair locations 
using the scale factors generated step 5. Figures 50 and 51 show the mean forced response 
dynamic strains values for two operating conditions and three different modes of vibration as 
discussed in step 5. Forced response dynamic strain indicates actual strain values that can be 
seen during service operation. In addition, vibratory stresses were also predicted in this 





Figure 50 Case Study: Design Phase- PLA Steps 5 and 6 Requirements 
 
Figure 51 Case Study: Design Phase- PLA Steps 5 and 6, SF and Dynamic Strain 
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Step 7: In this step, two PDF curves strength (step 3) and loading (step 6) plotted on a 
chart and performed Boolean operation of subtraction on both curves to find out overlapping 
probability for a given mode. Thus in this case, six overlapping probabilities are found. 




. Figures 52 and 53 depict 
the 1B mode overlapping probability as an example. 
 
Figure 52 Case Study: Design Phase- PLA Step 7 Requirement 
 
Figure 53 Case Study: Design Phase- PLA Step 7 PDFs 
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Step 8: As discussed in step 7, all probabilities of failures (overlapping probability curve) 
for all modes found, these probabilities were combined to find total probability of failure. 
Also various confidence intervals were considered (50%, 90% and 95% or 99%) to determine 
bands on the probability failure rates.  Figure 54 shows the example of overlapping 
probability for different operating conditions and material strength. Table 12 shows the 
calculations for all three modes and two operating conditions probability of failures. It should 
be noted that the 2B mode showed the highest probability of failure. For the other modes and 
at any operating conditions, probability failure rates were low (much below 1%) in fact some 
cases were almost zero. If one accepts the model based on the reliability of the original test 
data then in this case the failure rate of 22% would not be acceptable as this repair (9 mm of 
crack length) could cause more susceptibility for failure during service operation.  
 






Table 12 Case Study: Design Phase- Overlapping Probability Failure Rate 
 
Figure 55 shows the PDFs for 1B, 1T and 2B modes as well for material strength for both 
operating conditions transient and steady state. From this figure it should be evident that 
there is always a probability of failure during transient whereas during steady state, there was 
no overlapping between strength and loading curves. Therefore, there is no probability of 
failure during steady state operating condition.  Again this example was shown for 9 mm 
airfoil damage mode repair at the leading edge of the airfoil. There were different probability 
of failures for other crack lengths 3 mm and 6 mm. 
 




Figure 56 Case Study: Design Phase- PLA Step 8 Individual PDFs 1T and 2B Modes 
Figure 56 shows the PDFs for individual 1T and 2B modes as well for material strength 
for both operating conditions transient and steady state. Again from this figure it can be 
evident that there is always a probability of failure during start transient operating condition 
however probability of failure was very low.  
Figure 57 shows the response surface for 2B mode. The response surface was plotted 
using strength, loading and repair location stress. From this figure, it can be evident that there 
is a significant damage that occurred to the airfoil up to 180 Mpa, which is endurance 




Figure 57 Case Study: Design Phase- PLA Step 8; Response Surface Plot 2B Mode 
 
Figure 58 Case Study: Design Phase- PLA Step 8; %Probability of Failures 
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Figure 58 shows the percent probability of failures for three different repair models that 
were discussed in the introduction section of the case study. The repair geometries were 
considered in the case study had 3 mm, 6 mm, 9 mm crack lengths for the evaluation 
purposes. Steps 1 to 7 calculations were shown in this section discussed results for crack 
length of 9 mm on the airfoil leading edge and at the center. These steps were repeated for 3 
mm (concept 1) and 6 mm (concept 2) crack lengths. From this Figure 58, it can be evident 
that the concept 3 with the crack length geometry of 9 mm was the worst case scenario and 
had predicted probability of failure rate as 22%. Concept 2 with crack length of 6 mm had 
predicted failure rate of 7% and concept 1with crack length of 3 mm predicted 1% failure 
rate. All these failure rates were nominal. The values with the confidence interval such as 
50%, 90% and 95% are also shown in the plot. An acceptance level of 5% was defined from 
practical perspective. Thus any probability of failure concept above 5% would be rejected. 
With this criterion, concept 1 could be accepted for repair whereas concept 3 should be 
certainly rejected. In case of concept 2, where the probability of failure was 7%, the repair 
crack length of 6 mm might be accepted if the risk/cost ratio below than 1.0. This would 
require further study in order to accept the concept 2. Thus the PLA methodology was 
helpful in order to assess the risk of repairing the part if it had to operate in the field in the 
future. Also, the PLA methodology proposed in this section eliminates the need for GT unit 
testing or validation and parts can be repaired and sent to the field operation right away 






5.6 Proof Of Concept- Fixed Beam Example 
 
In this section, a simple example is discussed to compare the results using the 
methodology from the section 5.5 and classical analytical evaluation. The objective of this 
section was to show the percentage error results from classical methods of analysis and PLA 
approach for a fixed beam example. A fixed beam as shown in Figure 59 has a very similar 
characteristic as that of compressor stator airfoil.  For the actual part, it is very difficult to 
predict the gas load dynamic conditions and any analytical calculations done might not 
predict reliable results. Therefore it is always recommended to conduct GT unit testing 
before original product release to assess the technical risks. Whereas many times the repair 
justification is based upon FEA analysis in such cases it is very important to take into 
consideration the previous GT testing experience with the original product design. In this 
section as shown in Figure 59 a compressor stator vane is shown along with the loadings and 
also a fixed beam along with the gas load, geometry and material details have been shown. 
The fixed beam example was used as proof of concept in this scenario. The material of the 
fixed beam was the same as that of stator vane discussed in the case study (304 SS) and the 
material data is shown in the figure. A reference gage was placed at approximately 25% from 
one of the end of the fixed beam. Repair geometry with 5 mm crack length was considered to 
demonstrate the concept. Weld repair could be performed in this case (more material required 
to be removed at least four times than the crack length during welding) and a debit factor of 




Figure 59 Case Study: Proof Of Concept- Fixed Beam Example Introduction 
Three different analyses were executed using ANSYS FEM software in order to obtain 
numerical results for the fixed beam and at the same time a scaling approach was used as 
discussed in the case study to compare with numerical results. Initially steady state analysis 
was carried out with pre stress “effects on” for the subsequent vibration analysis so as to 
obtain dynamic responses. Figure 60 shows the maximum steady state stresses at the repair 
location which was found to be 81 Mpa (equivalent stress). Maximum deflection was found 
to be 1 mm and observed at the center of the fixed beam. After steady state analysis, free 
vibration analysis was executed with pre stress “effects on”. The first six modes of vibration 
1B, 1T, 2B, 2T, 3B and 3T were considered for study purposes and the modes shapes as well 





Figure 60 Case Study: Fixed Beam- Steady State Stress and Displacement 
 
Figure 61 Case Study: Fixed Beam- Free Vibration or Modal Analysis; First Six Modes 
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Table 13, shows the summary of results of modal or free vibration analysis for fixed 
beam. The modal strains were collected at reference gage and repair location (average strain) 
at each mode of vibration and a scale factor was created by taking the ratio of repair strain to 
reference gage strain. This scale factor was used in further calculation. After modal analysis a 
forced response or harmonic response analysis was executed using ANSYS FEM software. 
The vibratory stresses observed in forced vibration analysis for each mode are shown in the 
Figure 62. It can be noticed that 3B predicted dynamic stress of 169.8 Mpa at the repair 
location which was very close to the weld debited endurance strength of the material (181 
Mpa). The dynamic stress predictions from forced response analysis were the numerical 
solution of the problem. These results were compared with the PLA method scaling 
approach. During forced vibration analysis dynamic strains were also collected at the 
reference gage and repair location so as to use for dynamic stress predictions using the scale 
factor generated in the previous step (refer Table 13). 





Figure 62 Case Study: Fixed Beam- Forced Vibration Analysis Dynamic Stress 
Table 14 Case Study: Design Phase- Fixed Beam-Forced Vibration Analysis 
 
Table 14, shows the summary of results of forced vibration analysis for fixed beam. The 
dynamics stresses shown in the table above were obtained from the forced vibration analysis. 




Figure 63 Case Study: Fixed Beam- Closed Form Vs Predicted Dynamic Stress 
 
Figure 64 Case Study: Fixed Beam- Goodman Diagram 
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Figure 63 shows the predicted vibratory stress using the PLA approach and FEA 
vibratory (dynamic) stress for each mode of vibration. The predicted vibratory stress using 
PLA approach was within 1% of error as compared with FEA numerical solutions results. 
Thus the PLA approach predicts dynamic stresses very close to the actual fixed beam 
responses.  
Figure 64 shows the Goodman diagram for the predicted stresses obtained from PLA 
approach for the fixed beam example. Goodman diagram constitutes of steady state and 
vibratory stresses and shows safety margin for the part under study from dynamic loading 
conditions perspective. In this case, it is evident that the 3B dynamic stress found to be above 
the safety margin and the repair process is not acceptable. However, the purpose of fixed 
beam example was to showcase the PLA scaling approach only. 
The fixed beam example has articulated a proposed PLA method in this dissertation and 
predicted results were very close with respect to the FEA calculations.  
While analyzing power generation GT components for the particular loading condition 
defined by high cycle fatigue, it is expected to have more error in the results due to FEA 
modeling errors therefore it is required to estimate a confidence interval in order to establish 
high or low limits on the probability failure rates.  This was shown in the case study 






5.7 Benefits Of The Proposed PLA Method 
 
This section discusses expected benefits from the proposed PLA methodology and Table 
15 describes the expected benefits. It can be noted that the PLA methodology proposed in 
this dissertation is applicable to GT repair processes only. Design cost involves repair 
concept generation and development trials. The comparison shown in the below table is 
between current approach used for validation primarily using unit or engine testing and the 
proposed PLA method is this dissertation. 
Table 15 Case Study: Expected Benefits of Proposed PLA Method 
Parameter Current Approach Proposed Approach 
Validation Yes No 
Pilot Design Yes No 
Unit Testing Yes No 
% Quality Yield 99.9% 99.9% 
New build Yes No 
Repair Yes Yes 
Time for Eval Large Less 
Immediate  Product 
Release 
No Yes 
Risk Low, (medium some 
cases) 
Low-Medium 




5.8 Implement Phase 
 
The implement phase discussed in the dissertation is very short as there is more emphasis 
on the validation approach using PLA. A lot of aspects of implement phase are very similar 
to a manufacturing process qualifications and the details of which can be found on the 
internet. A general procedure is described in this section for manufacturing qualifications and 
involves following activities, 
 Final repair geometry/Drawings 
 CTQ (critical to quality) dimensions and attributes 
 MQCP (Metrology quality control plan) 
 Fixtures/Tooling 
 Equipment/Machine 
 Manufacturing FMEA 
 Materials analysis 
 Final dimensional inspections and attributes 
 NDE (non destructive evaluation) 







CHAPTER 6 CONCLUSIONS 
 
 The existing repair development steps used for the power generation gas turbine parts 
were streamlined using the six sigma DFSS methodology in order to achieve faster repair 
development cycles and the total quality improvement. 
 The proposed DFSS cycle consisted four steps; Identify, Plan, Design & Implement 
(called as IPDI or IPDcI). 
 The use of various six sigma tools was depicted throughout the different steps of the 
proposed DFSS approach. 
 A probabilistic life assessment methodology was developed in order to verify the repair 
concepts and choose the final repair geometry. 
 The probabilistic life assessment methodology proposed in this dissertation is applicable 
to high cycle fatigue failure modes of gas turbine compressor airfoils. 
 A case study of compressor stator airfoil was used to demonstrate the step by step 
application of the six sigma various phases using IPDI cycle. 
  Percent probabilities of failures were calculated for the case study repair concepts and 
methodology was validated using classical fixed beam example.  
 It is expected to achieve reduction in premature failure (early life) of the repair parts 






CHAPTER 7 RECCOMMENDATIONS FOR FUTURE WORK 
 
 The proposed six sigma approach was applied to power generation GT parts. However, a 
similar DFSS approach can be developed for repair processes used in the aircraft engine 
parts as an aircraft engine is essentially a gas turbine. 
 The aircraft engine repair development cycle can also be streamlined in a similar way that 
has been discussed in this dissertation. 
 The proposed PLA framework can be applied to other different damage modes such as 
TMF (thermal mechanical fatigue), Creep etc. There is an opportunity for other 
researchers to develop a similar PLA framework; however failure criteria and other 
mathematical equations will be different. 
 The proposed PLA framework in the dissertation is applicable to crack initiation at the 
repair location. However crack growth or propagation should be considered in addition to 
the crack initiation for the calculation of final fracture failure rate which would represent 
final failure of the part. 
 In addition to above, the proposed PLA framework can also be applied to other gas 
turbine components from turbine and combustion modules. The failure modes of these 
parts can be different from the case study discussed in this dissertation. It will be required 
to make suitable changes in the PLA framework based on initial design requirements and 
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